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ADAPTIVE ILLUMINATION INDEPENDENT
MATCHING OF SPOT COLORS

FIELD

This application generally relates to the management and
reproduction of spot colors by a printing system, and in par-
ticular, adaptive 1llumination independent matching of spot
colors.

BACKGROUND

Spot colors are recognized as standardized colors. Some of
the known spot color classification systems include: Pan-

tone®, Toyo, DIC, American Newspaper Publishers Associa-
tion (ANPA), and HKS. Accurate printing of spot colors 1s
important to achieve a good color match to the original hard-
copy prool on paper.

Standard spot color proots are typically supplied by ven-
dors, such as Pantone®, in the form of samples which can be
separated for measurement and viewing. They may also be
supplied 1n the form of swatch books. Spot colors are often
used, or can be used, for large background areas, which may
be the most color critical portion of a particular page.

Many software packages have the ability to enter or create
device dependant recipes, such as Cyan, Magenta, Yellow and
Black (CMYK) recipes, using multi-dimensional profiles for
a particular spot color and store them for future use. These
soltware packages may also allow users to manually edit the
recipe.

A problem, however, with this approach 1s that the CYMK
recipe that was originally entered and/or obtained through
manual entry may not be very accurate at the time of repro-
ducing the spot colors due to (a) vaniations 1n the print engine
state, (b) operator error associated with manual adjustments
or modifications to CMYK recipe values; and (¢) mnaccurate
recipes to begin with.

An automated software application “Spot Color Control”
(SCC) based on the Xerox Corp.’s “Automated Spot Color
Editing (ASCE)” technology i1s currently available for use
with inline sensors for the Xerox Corp.’s 1Gen3® and
DC8000® Dagital Production Presses. This technology uses
an iterative process to find the device specific recipe under a
D350 illuminant. While the printed spot colors may appear
matched to the hardcopy proof under D50 light source, those
colors may not “look™ the same when viewed under other
light sources.

The conventional techniques used for matching spot colors
are optimized to a 2 degree observer and a D50 light source.
Thus, even 1f the spot colors are matched under the D50
illuminant, they may look different when viewed under dii-
ferent angles.

FIG. 1(a) shows color variations for a Pantone® 202C spot
color under multiple i1lluminants. The spot color has a near
perfect match under the D30 light source (1.e., delta-E values
are approximately zero). However, the figure shows the
expected delta-E variations across other D series illuminants
(D series with correlated color temperature from 3600 to
7500, or D36 to D75), Stirling fluorescence lamp, white LED,
and Firestar fluorescence lamp. The maximum spread across
the selected group of 1lluminants 1s about 4.25 delta-E 1976
(“deltaEab”) and 2.41 delta-E 2000 (“deltaE2K™).

FI1G. 1(b) shows color variations for a Pantone® 251C spot
color, which 1s outside the gamut of a printer, across multiple
illuminants when this out-of-gamut spot color 1s mapped for
a gamut with D50 1lluminant and a 2 degree observer.
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FIG. 1(c) shows color variations for a Pantone® 3385C
spot color which 1s again outside the gamut of a printer, across
multiple illuminants when this out-of-gamut spot color 1s
mapped for a gamut with D30 illuminant and a 2 degree
observer.

A seasoned color expert (human) may be able to recom-
mend which light sources are best to use for a specific color
matching application. However, due to variety of light
sources available this may be difficult. Also, the light sources
used for viewing may vary depending on environmental fac-
tors (e.g., humidity, temperature, ambient lighting conditions,
location and geometry of the light source, etc.), which are
difficult to control.

SUMMARY

According to one embodiment, a method for adaptive 1llu-
mination imdependent matching of spot colors for a printing
system comprises: obtaining spectra for at least one spot
color; obtaining spectra for a plurality of i1lluminants; con-
verting the at least one spot color spectra to an 1lluminant
specific target spectra corresponding to each of the plurality
of 1lluminants; determining a device specific recipe for each
of the target spectra for the printing system; calculating a
color dispersion value for each of the plurality of 1lluminants
based on the device specific recipes by printing test patterns;
and selecting a device specific recipe for the at least one spot
color that yields the lowest color dispersion across the plu-
rality of 1lluminants.

According to another embodiment, a system for adaptive
1llumination independent matching of spot colors for a print-
ing system comprises: a print engine configured to render
color; a sensor configured to measure spectra for a printed
color; and a processor configured to: (1) convert at least one
spot color spectra to an illuminant specific target spectra
corresponding to each of a plurality of 1lluminants; (11) deter-
mine a device specific recipe for each of the target spectra for
the printing system; (111) calculate a color dispersion value for
cach of the plurality of 1lluminants based on the device spe-
cific recipes by printing test patterns; and (1v) select a device
specific recipe for the at least one spot color that yields the
lowest color dispersion across the plurality of illuminants.

According to yet another embodiment, a computer-read-
able storage medium comprises computer-readable mstruc-
tions stored therein that when executed by a processor are
configured to implement a method for adaptive 1llumination
independent matching of spot colors for a printing system.

Other features of one or more embodiments of this disclo-
sure will seem apparent from the following detailed descrip-
tion, and accompanying drawings, and the appended claims.

BRIEF DESCRIPTION OF THE DRAWINGS

Embodiments of the present disclosure will now be dis-
closed, by way of example only, with reference to the accom-
panying schematic drawings in which corresponding refer-
ence symbols indicate corresponding parts, 1n which:

FIGS. 1(a)-(c) show color variations for various spot color
under multiple 1lluminants;

FIG. 2 shows an exemplary system for adaptive 1llumina-
tion 1mndependent matching of spot colors according to an
embodiment;

FIG. 3 shows an exemplary method for adaptive 1llumina-
tion independent matching of one or more spot colors accord-
ing to an embodiment;

FIG. 4 shows an exemplary method for determining device
specific recipes for a spot color according to an embodiment;
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FIG. 5 shows an exemplary method for calculating maxi-
mum color dispersion values for all illuminants according to
an embodiment;

FIG. 6 shows an exemplary ray-based gamut mapping
method for determining device specific recipes according to
an embodiment;

FIG. 7 shows exemplary data for a Pantone® 202¢ spot
color which 1s included 1n the printer gamut;

FIG. 8 shows exemplary data for a Pantone® 321c¢ spot
color which 1s outside of the printer gamut;

FIG. 9 shows a representation of the printer gamut for a
spot color under different 1lluminants;

FI1G. 10 shows a sudden rise of the delta-E values along the
ray, which determines the mapping point 1n an out-of-gamut
mapping;

FIGS. 11(a) and 11(») show the dispersion of the colors
from the CMYK recipe at the knee of the curve for different
illuminants;

FIG. 12 shows exemplary data for a Pantone® 251C spot
color which 1s outside of the printer gamut; and

FI1G. 13 shows exemplary data for a Pantone® 33835C spot
color which 1s outside of the printer gamut.

DETAILED DESCRIPTION

A methodology 1s disclosed to achieve adaptive i1llumina-
tion independent matching of spot colors. In one embodi-
ment, the methodology includes an iterative process to deter-
mine a variety of device specific recipes for spot colors across
different 1llumination spectra, and then automatically choos-
ing and/or recommending the optimal recipe that provides
lowest color dispersion value across a variety of 1llumination
spectra under consideration.

This approach may be used with a variety of gamut map-
ping techniques, for example, disclosed 1n U.S. patent appli-
cation Ser. No. 12/291.473 filed Feb. 24, 2009; U.S. Patent
Application Publication No. 2008/00543264, and K. M.
Braun, R. Balasubramanian, and R. Eschbach, “Development
and evaluation of six gamut-mapping algorithms for pictorial
images,” The Seventh Color Imaging Conference, pp. 144-
148 (1999), herein incorporated by reference 1n their entire-
ties. According to a further embodiment, the methodology
may be used with a ray-based gamut mapping technique.

The gamut mapping techniques may be used for both print-
ing and non-printing devices. One non-printing device
includes a display device having tunable individually-addres-
sable Fabry-Perot membranes. See, e.g., U.S. Patent Appli-
cation Publication No. 2007/01353243, herein incorporated by
reference 1n its entirety. Any discussion of any specific print-
ing or non-printing devices herein 1s not to be construed as
limiting.

FIG. 2 shows an exemplary system 200 for adaptive illu-
mination independent matching of spot colors according to an
embodiment.

The system 200 may include an application 210 having a
plurality of modules, including but not limited to, a graphical
user interface module 220, a spot color selection module 230,
an 1lluminant selection module 240, a device specific recipe
module 250, and a recipe optimizer module 260. One or more
of the modules comprising application 210 may be combined
and/or include additional modules.

The application 210 may interface with one or more addi-
tional systems, such as a spot color database 235, an 1llumi-
nant database 245, and an adaptive illumination independent
spot color matching database 2635. Moreover, the application
interfaces with a printing system 270, a spectral sensor 280,
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and optionally an illumination sensor 290. For some pur-
poses, not all modules and elements may be necessary.

According to one embodiment, the application 210 may be
soltware ({irmware) created using any number of program-
ming languages. Of course, it will be appreciated any number
of hardware implementations, programming languages, and
operating platforms may be used. As such, the description or
recitation of any specific hardware implementation, program-
ming language, and operating platform herein 1s exemplary
only and should not be viewed as limiting.

The application 210 may be stored on a computer- or
machine-readable storage media having computer or
machine-executable instructions executable by a processor.
In one implementation, the application 210 may reside on a
memory of the print controller of a printing system or the
printing system itself.

Alternatively, or additionally, the application 210 may be a
stand-alone application running on a computer which inter-
faces with a printing system, for example, through a remote
network connection, or via a computer readable storage
media (1.e., flash memory, DVD/CD ROM, floppy disk,
removable or permanent hard drive etc.). In some implemen-
tations, the application 210 may be a “plug-in” application
that 1s 1corporated into a third-party software application
including, for example, document-processing or 1mage pro-
duction applications. Other configurations may be also
implemented.

The graphical user interface module 220 1s configured to
generate a graphical user interface (GUI) on a display device
and to control the various display and input/output (I/0)
teatures of the application. The graphical user interface mod-
ule 220 may generate display signals to the display device. In
one implementation, 1t may provide one more “windows” or
panes for displaying information to the user. The display
device may include a cathode ray tube (CRT), liquid crystal
display (LLCD), plasma, or other display devices.

Moreover, the graphical user interface module 220 allows
the user to interact with the application 210. For example, the
graphical user interface module 220 may permit use and
operation of one more of: a keyboard, keypad, touch-screen,
mouse, joystick, light pen, or other peripheral devices for
receiving mputs from a user. Similarly, the application may
output mformation and data to the user, for example, via a
printer or other peripheral device (e.g., external storage
device or networked devices).

The graphical user interface module 220 may interact with
a computer’s operating system and/or one or more other
soltware applications. In one implementation, application
210 may comprise a stand-alone soitware application running
on a computer, printing system, or other machine. Alterna-
tively, a server (not shown) may host the application 210,
which may, 1n some implementations require a user to access
the server over a network to use the application. In some
implementations, a user may download the application 210
from a server, with program updates made available (over the
network or the Internet) as needed, or on a predetermined,
regularly-scheduled basis. The application 210 may be oper-
ated 1n a Microsoit Windows® operating environment. How-
ever, other operating systems and environments (e.g., UNIX,
Linux, and proprietary systems, such as Apple Mac OS X) are
also envisioned.

The spot color selection module 230 provides the user with
capabilities to select one or more spot colors. For instance, the
module 230 may display, in the graphical user interface,
information regarding one or more spot colors for which the
user may “tag’ or otherwise select for consideration. An input
device may be used by the user to do so.
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The color selection module 230 may interface with at least
one spot color database 235, which stores or maintains color
palettes, libraries, collections, and/or other information
regarding spot colors. The spot color database 235 could be in
some 1mplementations located remotely from the application
210 and interface, for example, via a network. In one 1mple-
mentation, the spot color selection module 230 may also
permit users to create new spot color entries and save and edit
entries 1n the spot color database 235.

The 1lluminant selection module 240 provides the user
with capabilities to select one or more light sources for con-
sideration. For instance, the module 240 may display, in the
graphical user iterface, information regarding light sources
and 1lluminants for which the user may “tag” or otherwise
select for consideration. The illuminant selection module 240
may interface with at least one illuminant database 245,
which stores or maintains spectral data for one or more light
sources.

There 1s a variety of light sources available 1n the market.
See, ¢.g., “Explanation of Visual Light Sources and Their Use
in Visual Color Matching Applications,” GT1 Graphic Tech-
nology, Inc., herein incorporated by reference 1n 1ts entirety.
Some of the light sources may comply with CIE ratings
and/or have the ability to reproduce daylight 1n both visible
and ultraviolet spectrums. Spectral models of the light
sources based on color temperature are also available. In
addition to collecting the spectra for known light sources,
light measurement sensors may be to determine the spectra
for non-standard light sources.

Many retail companies such as, for example, Wal-Mart,
Target, Sears, and Home-Depot, have established specifica-
tions for the light sources used in their stores. Collecting
various spectra may be done as a one-time process. Existing,
entries may be subsequently modified and/or new entries may
be added to the 1lluminant database 245, as desired.

Other spectral distribution data may be obtained from vari-
ous resources. For example, many light source manufacturers
may provide spectral distribution information on their prod-
ucts. Alternatively or additionally, spectral data may be col-
lected empirically, for example, using an 1lluminant sensor, 1f
the spectral distribution information, 1s not otherwise avail-
able.

The device specific recipe module 250 interfaces with the
printing system 270 and 1s configured to generate nominal
device recipe information for printing spot colors with the
printing system 270. This module 250 may 1nitiate commands
to the printing system 270 to render one or more test patterns
or patches corresponding to the nominal device recipe infor-
mation.

The printing system 270 may include any print engine
capable of color printing technology such as, for example,
ink-jet (bubble jet), laser, offset, solid-ink, dye sublimation,
xerography, etc., 1n which color 1s rendered by using a plu-
rality of process colors (e.g., CMYK). In some implementa-
tions, the spectral sensor 280 may be used 1n conjunction with
the printing system 270, such as an embedded or inline spec-
trophotometer (ILS).

The spectral sensor 280 1s configured to measure the spec-
tra of printed test patterns. Spectra from color test patterns
and patches printed by the printing system 270 may be mea-
sured using a spectrophotometer using a broadband i1llumi-
nation source, such as, a fluorescent lamp. See, for example,
U.S. Pat. No. 6,639,669, herein incorporated by reference in
its entirety. The spectral sensor 280 might also be separate or
offline from the printing system 270.

The recipe optimizer module 260 1s configured to deter-
mine an optimal recipe for each spot color under various
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illuminants considered. This module 260 may be used for
performing one or more methods for adaptive 1llumination
independent matching of one or more spot colors 1n accor-
dance with embodiments disclosed herein. For instance, an
iterative process may be utilized until the target and measured
spectral values satisfactorily converge to within a predeter-
mined tolerance.

In one implementation, the color dispersion 1s measured as
average delta-E 1976 and/or average delta-E 2000, wherein
multiple iterations are carried out to converge to a single
recipe at a particular 1lluminant.

The optimized recipe information for spot colors under
various illuminants under consideration may be stored or
maintaimned on an adaptive illumination independent spot
color matching database 265. In other implementations,
though, the optimized recipe data may be stored or main-
tained alternatively or additional, 1n the spot color databases
235 or the 1lluminant databases 245. In fact, the databases and
information therein may be combined.

The optimized recipe information may then be transmatted
to a color management profile 1n the memory of the printing
system 270. When desired, the printing system may print or
display a spot color using the optimized recipe information.

In addition, the module 260 may automatically choose
and/or recommend the optimal recipe that provides lowest
color dispersion across a variety of spectra under consider-
ation. Results may be displayed 1n the display device of the
graphical user interface.

An illumination sensor 290 may also be provided. For
instance, a Model LUX LITE Visible radiation sensor manu-
factured by Kipp & Zonen, B.V., and distributed by Clima-
tronics Corp. This particular sensor has a spectral character-
istic, which 1s 1 accordance with the CIE (Comimission
International d’Eclairage) requirements. This sensor includes
a photodiode sensor and a filter which provides a spectral
response similar to that of the average human eye. Although,
it will be appreciated that other color and spectral sensors may
also be used. The location and distance from the light source
may vary depending on the light source and/or environ.

FIG. 3 shows an exemplary method 300 for adaptive illu-
mination independent matching of one or more spot colors
according to an embodiment.

The method begins 1n step 310. In step 320, spectra for a
spot color 1s obtained. Each spot color, depending on the
industry, proprietary, and/or organizational system, has a
characteristic spectra. Typically, the spot color may be

described as being within a color space such as a reflectance
(or transmittance) spectra over the visible light spectrum,
L*a*b* XYZ, LHC, CMYK, RGB, or sRGB. These spectra
may be retrieved from a spot color database 233 or otherwise
provided. As noted above, these values are generally provided
for only a 2 degree observer and a D30 light source. One or
more spot colors may be selected by a user for consideration
via spot color selection module 230. If multiple spot colors
are selected, the method uses either first or next selected spot
color.

In step 330, illuminant spectra for a plurality of 1lluminants
are obtained. Illuminant spectral data may be stored 1n one or
more 1lluminant databases 245 and one or more illuminants
may be selected by the user via illuminant selection module
240. In some implementations, all light sources 1n the 1llumi-
nant database will be considered, although, 1t will be appre-
ciated that not all 1lluminant spectra 1n the i1lluminant data-
base(s) 245 need to be utilized. For instance, a user may select
a plurality of light sources (or spectra), from the i1lluminant
spectra database 243 for consideration. In some implementa-
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tions, the 1lluminant spectra may be measured 1n situ, using,
the 1llumination sensor 290 (FI1G. 2).

Next 1n step 340, a device specific recipe for the selected
spot color 1s calculated for each of the i1lluminants sampled.
One mmplementation of this process 1s disclosed 1n more
detail 1n FIG. 4.

The spot color spectra may be converted to an 1lluminant
specific target value for each of the 1lluminants sampled. In
one 1mplementation, the target values may be CIE L*a*b*
values. This may be performed, for instance, using an ICC

8

illuminant and an observer angle. Using ASCE or other spot
color recipe search methods for the printing system one can
obtain a set of colorants such as CMYK to best match the
target L*a*b™ under the reference 1lluminant and the observer
angle. When viewed under a different 1lluminant or a different
observer angle, the spot color from the printing system may
deviate from the reference color. This deviation or color dis-

persion may be referred to as the Reference Color Difference
Quantity (RCDQ)). Mathematically the CIE deltaE version of

the RCDQ 1s

RCDQIg, I) = \/(L.’(SPR) — Li(CMYK;, )" + (ai(spg) — ar(CMYK;, )* + (by(spg) — b.’(CMYK.’R))Z

profile. Then device specific recipes are calculated corre-
sponding to the target values for the particular printing system
for each 1lluminant.

Using the printing system 270 (FIG. 2), test patterns having
the device specific recipes are printed and measured with the
sensor 280 to determine their spectral profile.

If the color dispersion between the target values and the
measured values of the test pattern for a particular illuminant
1s within a predetermined tolerance, that recipe 1s kept. Oth-
erwise, the recipe 1s altered. For example, delta-E 1976 and/or
delta-E 2000 values may be calculated for the color differ-
ences between the target values and the measured values. Step
340 may continue multiple times, as needed, until the target
and measured values for that 1lluminant satisfactorily con-
verge to within to a predetermined tolerance.

In step 350, for each of the device specific recipes obtained
in step 340, color dispersion values may be calculated for that

same device specific device for all the remaining i1lluminants
(other than the particular illuminant used to determine the
device specific recipe 1n step 340). One implementation of
this process 1s disclosed in more detail 1n FIG. 5.

It 1s to be noted that, 1n some implementations, a well
known quantity called a Color Inconstancy Index (CII) may
be used to measure the extent of color inconstancy of a sample
under different i1lluminants. That 1s, the Color Inconstancy
Index 1s the total color difference for a sample between ret-
erence illuminant and other testing illuminants. By using
ASCE or other spot color recipe search methods for the print-
ing system one can obtain a set of colorants such as CMYK
that best match the reference color under the reference illu-
minant. A simplified CII may be calculated as the color diif-
ference between reference and testing i1lluminants using any
color difference equation. For example, the CII for sample #1
between D50 light source and D65 light source can be written
as:
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and the deltaE2000 version of the RCDQ 1s

RCDQ( 1z, )=deltaE2000[L(spr)a;(spr)0ASpr).Ls
(CMYK; )a {CMYK; )b {CMYK, )]

where 1 stands for the illuminant under consideration, I,
stands for the reference illuminant, sp, 1s the spectra of the
reference color, and CMYK, 1s the CMYK value obtained by
the spot color recipe search methods that best match the
reference color under the reference i1lluminant. For example,
if 1z 1s chosen as the D350 illuminant, then L {CMYK, ) 1s the
L* value of the measured spot color for 1lluminant I (D635,
D75 etc.) which 1s produced with a recipe (CMYK, ) at D50
illuminant. L (sp) 1s the target L.* value of the target spot
color spectra under 1lluminant I. Stmilarly a* and b* values
are calculated and RCDQ numbers are obtained correspond-
ing to those 1lluminants. The RCDQ value measures the abil-
ity of the printing system to re-produce colors under various
illuminant condition which 1s expressed using well known
color difference equations such as CIELab or deltaE2000. For
example, 1t CMYK, of the printing system produces the
spectra that matches exactly sp (i.e., with zero deltaE) then
RCDQ will be zero under any 1lluminant condition. In one
implementation (for example 1n FIG. 1a), for variety of 1llu-
minants, RCDQ numbers are obtained with D30 illuminant as
the reference light source at fixed observer angle of 2 degrees.
A maximum or average RCDQ number 1s obtained from these
calculations for the reference i1lluminant to understand sam-
ple’s color dispersion value across different illuminants.
These calculations may be performed across the remaining
illuminants with second illuminant as the reference (e.g.,
D65). One RCDQ number 1s obtained for the second refer-
ence 1lluminant. Repeating these calculations across the
remaining 1lluminants with one of them as the reference each
time gives sample’s color dispersion value (average, 95 per-
centile or maximum RCDQ number) across variety of 1llumi-
nants 1n the database.

_ 2 2 2
Cil = \/ (Lpso sampiel — LD6s_sampte1 ) + (AD50_Samplel — AD65_Sampiel )~ + (Pp350_Sampiel — PD65_Sampiel)

where L, a and b values correspond to L*, a* and b* values
with suffixes corresponding to D50 illuminant and D635 illu-
minant for sample 1. Color inconstancy indicates the degree
to which the appearance of sample’s color changes when the
illuminant 1s changed. Color inconstancy can be determined
by measuring the sample with an mnstrument under different
illuminants and then performing mathematical calculations.

Yet as another example of the color dispersion value, the

spectra of a reference color such as a Pantone® color may be
used to calculate the target L*a*b* value under a reference

60

65

In addition, 1t 1s to be noted that the color dispersion value
may be, 1n some implementations, expressed as another well
known quantity called a Metameric Index, which 1s a single-
number index which indicates how well two materials (for
example, two spectra; target spectra and measured spectra)
match under two different illuminants. The spectral curves of
two closely matching, non-metameric samples are nearly
identical. Metameric index 1s used to measure the degree of
metamerism. It 1s calculated with respect to two different
illuminants. Metamerism Index 1s based on Hunter [,a,b val-
ues and 1s shown below
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MI =\ (AL, — ALy + (Aay —Aay)? +(Aby —Ab,y)?

where n, 1s the first 1lluminant and n, 1s the second 1lluminant
and A=Value,,  ~Value, .. ... For example, L* difter-
ences between two 1lluminants can be calculated as: AL, *=
(L *—L o), Tor first 1lluminant and AL ,*=
(Lsarger —Lmeasurea” Jnz 10t second illuminant. Similarly a*
differences and b* differences can be calculated for two dii-
terent 1lluminants. The metameric index represents how well
the colors are spectrally matched for two different illumi-
nants. The target spot color spectra and the measured spectra
obtained after using the best color recipe may be used as
samples to see how well they are spectrally matched (or
reproduced for minimizing metameric index). When the mea-
sured spectra perfectly matches with the target spectra, the
metameric index will be zero. This may, however, not be true
in practice due to limited choice of device specific recipe (or
colorants).

In step 360, the optimal recipe for the device specific reci-
pes for each spot color that yields the minimum color disper-
sion across all the 1lluminants sampled 1s determined. For
instance, this may be the recipe that gives the minimum
delta-E variation across the plurality of 1lluminants consid-
ered. The method ends 1n step 370.

In one implementation, the illumination sensor 290 (FIG.
2) may be used to provide the best color matching using
1lluminant spectral distribution measured directly from a light
source. The 1llumination sensor may be used to directly mea-
sure lighting 1n situ to obtain a spectra n step 330. For
instance, the illumination sensor 290 may be located 1n a
room or other environ in which the spot color 1s typically
viewed. The location and distance from the light source may
vary depending on the light source and/or environ.

FIG. 4 shows an exemplary method 400 for determining
device specific recipes for a spot color according to an
embodiment. This method 1s one implementation of step 340
in FIG. 3.

The method begins 1n step 410. In step 420, a spot color
spectra 1s converted to an 1lluminant specific target value for
an illuminant sampled. In one 1mplementation, the target
values may be CIE L*a*b* values. This may be performed,
for instance, using an International Color Consortium (1CC)
profile.

In one implementation, CIE XY Z color space may be first
determined, according to equations (1) to (3), below:

targel

=

_ (1)
X (A IR(A DAy )

il
-

X =100

N1
2. YA )A)
k=0

=

_ (2)
Y (A )R(Ag ) (Ag)
k

I
=

Y =100
N-1
Eﬂ Y (A ) (A )

=

_ (3)
Z(A )R(A )AL )

[

P

L[4

Z =100

Y (A )(A)
k=0
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In the above equations, X(A), Y(A), and Z(A) are the CIE
color matching functions, R(A) 1s the reflectance spectra of
the measured test pattern for the spot, and 1(A) 1s the spectra of
the desired light source.

The CIE L*a*b* color space values may then be obtained
from CIE XYZ using the nonlinear transformations accord-
ing to equations (4)-(6):

L = ll6f(}/i)—l6 @)

M

o =5l () ()

X, Y,
) Y 4 (6)
b =200/f(5-) - 17 )]
where
S |
x3 x = 0.008856
f(X) = 9 16
178 1x + e x < 0.008856

and X .Y, ,and Z are tristimulus values of a reference white
point. For additional information regarding such conversions,
see for example, Appendix A of L. K. Mestha and S. A.
Dianat, Control of Color Imaging Systems, Publisher: CRC
Press, ISBN 978-0-8493-3746-8, May 2009, herein incorpo-
rated by reference 1n its entirety.

While CIE LAB color space 1s disclosed, it will be appre-
ciated that other device-independent color spaces may be
similarly used, such as, for example, CIE L*u*v*, LCH, efc.

In some implementations, the spot color may be outside the
printer gamut. If so, the L*a*b* values may be mapped to the
printer gamut based on a gamut mapping strategy (e.g., mini-
mum delta-E). One ray-based gamut mapping strategy 1s
described below. (See F1G. 6). However, it will be appreciated
that other mapping strategies may similarly be used. The
mapped values then become the new target.

Continuing to step 430, the device specific recipes are
calculated corresponding to the target values for the particular
printing system. For example, an ICC iverse printer model or
look up table (LUT) may be used. The device specific recipe
may include the constituent proportions of the process colors,
which the printing system uses 1n color printing. In four-color
printing, typically cyan, magenta, yellow and black (CMYK)
colorants are used. In some implementations, additional pro-
cess colors may also be used, such as orange (O) and/or violet
(V). Although, 1t will be appreciated that the number of pro-
cess colors may vary by the manufacturer, and/or the printer
operator.

In step 440, at least one color test pattern corresponding to
the device specific recipe, which was calculated in step 430, 15
printed and measured. In one implementation, the color test
pattern may be printed as a solid-high density test patch, for

instance a 1x1 inch square at high density (e.g., 100% toner
area coverage). Other test pattern configurations are also pos-
sible.

The printed test pattern 1s measured using the spectral
sensor 280 (FIG. 2) in step 450. As previously discussed, the
spectral sensor 280 may be inline or embedded within the
printing system 270. Thus, printing and measurement may be
performed together 1n an automated manner to 1ncrease etfi-
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ciency. Alternatively, the spectral sensor could be separate or
olffline with respect to the printing system 270.

Next, in step 450, the target value and the measure value for
the spot color are compared. For example, delta-E 1976 and/
or delta-E 2000 values may be calculated for the color differ-
ence between the target values and the measured values.

A determination 1s made, 1n step 460, to see 1f the error
between the target values and the measured value of the test
pattern 1s within a predetermined tolerance (e.g., 1.5 delta-
E2000).

If not, then the recipe may be adjusted in step 470 and the
process returns to step 440. In one implementation, the Xerox
Corp. “Automated Spot Color Editing (ASCE)” control pro-
cess may be used. Details of this process are disclosed in U.S.
Pat. No. 6,744,531, herein incorporated by reference 1n 1ts
entirety. This iterative process may be used to vary the device
specific recipe until the error between the target value and the
measured value 1s within a predetermined value. For example,
steps 440 to 460 may be repeated, as necessary, until target
values and the measured value of the test pattern 1s within the
predetermined tolerance. Otherwise, the process continues to
step 490 and ends at this step. It will be appreciated that other
device specific recipe adjustment models may be similarly
used.

In step 480, a determination 1s made whether there are
more 1lluminants to consider. If yes, the process returns to
420. If not, the process ends 1n step 490.

It will be appreciated that while FIG. 4 shows a sequential
process for determining device specific recipes for a spot
color for each illuminant, that in other implementations, this
could be performed in parallel, with the printing and measur-
ing ol multiple test patterns for various i1lluminant specific
values occurring at substantially the same time.

FIG. 5 shows an exemplary method 300 for calculating
maximum color dispersion values for all 1lluminants accord-
ing to an embodiment. This 1s one implementation of step 350
in FIG. 3.

The method begins 1n step 510. In step 3520, the device
specific recipe for the spot color for a particular 1lluminant
(obtained 1n step 340) 1s then applied to a next 1lluminant
among the remaining 1lluminants. The spectra corresponding
to the device specific recipe may be determined using the
printer model for the device specific recipe.

Next 1n step 530, the spectra obtained from the printer
model 1 step 520 1s converted to an i1lluminant specific
L*a*b* value for the other illuminant, for example, using
equations (1)-(6), discuss above.

Similarly, 1n step 540, the target spectra for the spot color
under the 1lluminant considered (also obtained 1n step 420) 1s
similarly converted to an i1lluminant specific target value for
the another i1lluminant, for example, using equations (1)-(6).

In step 550, the difference between the converted 1llumi-
nant specific values (from step 530) and the converted target
value (from step 540) 1s determined, for example, 1n delta-
E1976 and/or delta-E2000.

Next 1n step 560, a determination 1s made whether there are
more 1lluminants to consider. If yes, the process returns to
520. If not, the process goes to step 570, where the maximum
difference value (for example, maximum RCDQ value) i1s
selected for the color difference values, for example, 1n delta-
E1976 and/or delta-E2000, for each of the 1lluminants. The
process ends 1n step 580.

FIG. 6 shows an exemplary ray-based gamut mapping
method 600 for determining device specific for a given light
source according to an embodiment.

The method begins 1n step 610. In step 620, a target values
for a particular spot color are obtained. The device indepen-
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dent color space values may be, however, out-of-gamut under
a set of 1lluminants that represent various viewing conditions.
In one implementation, a determination may be made
whether an 1llumination sensor 1s available for use. If yes, step
620 may obtain the illumination specific target values by
directly measuring i1lluminant spectra using the 1llumination
SEeNsor.

In step 630, a ray may be “drawn”™ for each illuminant
between the device independent color space (e.g., L*a*b*)
value obtained 1n step 620 and the focal (or center) point of the
printer gamut. For instance, this may correspond to L=50,
a=0, b=0. A similar approach 1s disclosed in U.S. patent
application Ser. No. 12/291,473 mentioned above, which
describes a ray based control model fora D50 light source and
2 degree observer using a printer model or by iterating on the
printer.

Next 1n step 640, the gamut mapped L*a*b* value and the
recipe for the out-of-gamut L*a*b* for each of the 1llumi-
nants may be determined by searching the points along a ray
that separates the in-gamut color from out-gamut color. While
iterating on the printer model, each 1lluminant specific printer
model whose mputs are device specific color space values
(e.g. CMYK(OV)) and outputs are 1lluminant specific values
(e.g. L*a*b™*) obtained from the spectral model. While 1ter-
ating on the printer, 1lluminant specific values (L*a*b*) may
be obtained from the spectral measurements.

In step 650, color variation values (e.g., RCDQ values) are
compared with each recipe under all illuminants as in step
620. The one with the smallest variation may be selected as
the optimal recipe since 1t will provide the lowest dispersion.

At step 660, a determination 1s made as to whether there are
more 1lluminants to consider. If yes, steps 620 to 650 may be
repeated, as necessary, until a recipe 1s found for each light
source considered. They are collected and may be stored 1n
the 1lluminant database. Otherwise, the method ends 1n step
670.

In one implementation, 11 a particular spot color 1s known
a prior1 from the adaptive 1llumination independent spot color
matching database 263. then steps 620 to 650 may be used to
identify the 1lluminant spectra that leads to the recipe with
lowest dispersion for that spot color. For example, referring to
FIG. 13, the D735 light source gives the lowest dispersion for
the Pantone® 3385C spot color. For subsequent print runs
with this spot color, using the D75 light source would be
better than using the D50 light source.

FIG. 7 shows exemplary data for a Pantone® 202c¢ spot
color which 1s included 1n the printer gamut. The simulated
data 1s based on the spot color when observed as 2 degree and
10 degree observers across 43 different illuminants. Column
1 of data indicates the 1lluminants. These include i1lluminants
D36 to D75, White LED, and the fluorescence lamps, Firestar
and Stirling.

Columns 2 and 3 show the maximum delta-E 1976 and
delta-E 2000 dispersion values for each illuminant, respec-
tively. And columns 4-7 show the optimized CMYK device
specific recipes for the spot color that were calculated for each
1lluminant.

When an illumination sensor 1s available, the device spe-
cific recipe that gives the lowest error may be determined that
indicates the best color match to the Pantone® target spectra.
On the other hand, 1f an i1llumination sensor 1s not available,
then ASCE spot color iterations may be carried out across all
the 1llumination spectra considered to determine the maxi-
mum delta-E dispersion (1.e., maximum RCDQ) value).

To obtain the lowest dispersion depends on the delta-E
criteria that were used for comparing the output color with the
target color. For instance, 1f delta-E 1976 1s selected as the
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criteria, recipes from D53 row would be optimal. On the other
hand, if delta-E 2000 1s selected as the criteria, then the recipe
from D46 light source will be optimal.

In both cases, the D50 light source recipe, for example, 1s
not the most optimal recipe to achieve the best color match
across a population of light sources, even though, its recipe 1s
just one digital count apart.

FIG. 8 shows data for a Pantone® 321 spot color which 1s
outside of the printed gamut. Delta-E values were calculated
with respect to out-of-gamut-mapped Lab color space values.
The maximum delta-E 1976 dispersion 1s lowest for the D67
1lluminant and maximum delta-E 2000 dispersion 1s lowest
tor D75 illuminant. Again, the corresponding recipes give a
much better 1llumination independent spot color recipe than
the standard D350 light source recipe.

FIG. 9 shows a representative of the printer gamut for spot
color under different 1lluminants.

Specifically, a Pantone® 231C spot color was used to 1llus-
trate the etlects of a CMYK recipe under 477 different 11lumi-
nants. These included standard 1lluminants A, B, C, E, D36 to
D75, White LED, and the fluorescence lamps, Firestar and
Stirling. The printer was modeled by the Neugebauer model
appropriate form the Xerox Corp. 1Gen3®. Shown together
are the L*a*b* values of the Pantone® 251C spot color (1.e.,
the solid triangles).

The D350 illumination (solid), for instance, 1s different from
the Stirling fluorescence lamp (wire-bond). These gamut
changes between the two may be large. For example, the shiit
at the blue tip of the gamut 1s about 20.4 delta-E1976 (or 7.4
delta-E2000) between the 1lluminants.

The Pantone® 251C color 1s mapped to the printer gamut
boundary for each illuminant, for example, by the method
described 1in U.S. patent application Ser. No. 12/291,473,
mentioned above. A line may be drawn between the spot color
and a focal point of the gamut. For example, this may corre-
spond to L=>50, a=0, b=0. Next, the line was divided into 100
segments, and each node of the segments because the targets
for control based 1terations. If the node 1s 1nside the printer
gamut for a given 1lluminant, then control based 1teration will
determine a zero or near zero difference between the target
and the output color. Otherwise, there will be a steady state
value (1.e., non-zero value).

FIG. 10 shows each curve this difference for all nodes for
a grven 1lluminant. The mapping point 1s the “knee” (1.e., the
sudden rise or breakaway point) of the curve, and the device
specific recipe that 1s associated with the knee 1s the gamut
mapped value.

The dispersion of the colors from the CMYK recipe at the
knee of the curve for different 1lluminants are shown 1n FIGS.
11(a) and FIG. 11(b). FIG. 11(a) show the dispersion of the
gamut mapped recipe from a Stirling light source for the
Pantone® 251C spot color. It 1s noted that the specific points
depicted 1n the plots correspond to the different 1lluminants
under consideration.

FIG. 11(b) shows delta-E1976 and delta-E2000 values
across multiple 1lluminants for the Pantone 3385C spot color
when spot color mapping 1s done for a Stirling light source
and 2 degree observer.

FI1G. 12 shows the maximum dispersion of each recipe for
the Pantone® 251C spot color. The recipe with the smallest
maximum dispersion will give the least color variation under
a variety of 1llumination conditions. It 1s this case, that the
illuminant independent mapping recipe for the Pantone®
251C spot color 1s CMYK=[69 120 0 3], which occurs at
around the D55 and D56 light sources.

FI1G. 13 shows the maximum dispersion of each recipe for
a Pantone® 33835C spot color. In this example, that the 1llu-
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minant independent mapping recipe for the Pantone® 3385C
spot color 1s CMYK=[160 0 102 2], which occurs at D75
1l luminant.

While this disclosure has been described 1n connection
with what 1s presently considered to be the most practical and
preferred embodiment, 1t 1s to be understood that 1t 1s capable
of further modifications and 1s not to be limited to the dis-
closed embodiments, and this disclosure 1s intended to cover
any variations, uses, equivalent arrangements or adaptations
ol the inventive concepts following, in general, the principles
of the disclosed embodiments and including such departures
from the present disclosure as come within known or custom-
ary practice in the art to which the embodiments pertains, and
as may be applied to the essential features hereinbefore set
forth and followed 1n the spirit and scope of the appended
claims.

What 1s claimed 1s:

1. A method for adaptive 1llumination independent match-
ing ol spot colors for a printing system, the method being
implemented 1n a computer system comprising one or more
processors configured to execute one or more computer pro-
gram modules, comprising:

obtaining spectra for at least one spot color;

obtaining i1lluminant spectra for a plurality of 1lluminants;

converting, using the one or more processors, the at least

one spot color spectra to an illuminant specific target
value corresponding to each of the plurality of 1llumi-
nants;

determining, using the one or more processors, a device

specific recipe for the at least one spot color for each of
the 1lluminant specific target value for the printing sys-
tem, wherein each of the determined device specific
recipe corresponds to each of the plurality of 1llumi-
nants,

for each of the determined device specific recipes, calcu-

lating, using the one or more processors, color disper-
ston values for that same determined device specific
recipe for all the remaining of the plurality of 1llumi-
nants other than the illuminant used to determine the
device specific recipe; and

using the calculated color dispersion values to select a

device specific recipe for the at least one spot color from
the determined device specific recipes of the at least one
spot color, wherein the selected device specific recipe
for the at least one spot color yields a lowest color
dispersion value across all of the plurality of illuminants.

2. The method according to claim 1, wherein determining,
the device specific recipe for each of the target value com-
Prises:

calculating a device specific recipe for a target value;

printing, via the printing system, a test pattern according to

the device specific recipe;

measuring, via a spectral sensor, a value of the printed test

pattern; and

adjusting the device specific recipe, and printing and mea-

suring test patterns according to the adjusted recipe, as
needed, until the target and measured value are within a
predetermined tolerance.

3. The method according to claim 1, wherein calculating
the color dispersion value comprises:

calculating a maximum color dispersion for each of the

plurality of illuminants based on the device specific
recipes; and

selecting a device specific recipe for the at least one spot

color that yields the minimum of the maximum color
dispersion across the plurality of illuminants.
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4. The method according to claim 1, wherein calculating
the color dispersion value comprises:

calculating an average or 935 percentile color dispersion for

cach of the plurality of 1lluminants based on the device
specific recipes; and

selecting a device specific recipe for the at least one spot

color that yields the minimum of the average or the 95
percentile color dispersion across the plurality of 1llumi-
nants.

5. The method according to claim 1, wherein the color
dispersion value 1s a metameric mdex and the recipe 1is
selected according to the minimum of the metameric index.

6. The method according to claim 1, wherein the color
dispersion value 1s a reference color difference quantity and
the recipe 1s selected according to the minimum of the refer-
ence color difference quantity.

7. The method according to claim 1, wherein the color
dispersion value 1s a color inconsistency index and the recipe
1s selected according to the mimmum of the color 1nconsis-
tency mdex.

8. The method according to claim 1, further comprising:

storing the selected recipes 1n a memory device or display-

ing the selected recipes via a graphic user interface.

9. The method according to claim 1, further comprising:

using an illumination sensor to obtain the spectra for at

least one 1lluminant.

10. The method according to claim 1, further comprising:

receiving, from at least one database, spectra for at least

one 1lluminant.

11. The method according to claim 1, wherein the target
and measured value are CIE L*a*b* values.

12. The method according to claim 1, further comprising:
receiving, irom at least one database, spectra for at least one
spot color.

13. The method according to claim 1, wherein the color
dispersion 1s measured 1n delta-E 1976 or delta-E 2000.

14. The method according to claim 1, wherein the color
dispersion 1s measured as an average delta-E 1976 or average
delta-E 2000, and determining a device specific recipe for
cach of the target value for the printing system comprises
performing multiple iterations to converge to a single recipe
at a particular 1lluminant.

15. The method according to claim 1, wherein obtaining
spectra for the at least one spot color comprises:

mapping the at least one spot color to a gamut of the

printing system.

16. The method according to claim 15, further comprises:
performing a ray-based gamut mapping technique.

17. The method according to claim 16, wherein the ray
corresponds to a value of L=50, a=0, b=0, measured in LAB
color space, 1n the gamut.

18. The method according to claim 16, further comprising:

searching points along a ray that separates the 1n-gamut

color from out-gamut color to determine the mapped
color 1n the gamut.

19. The method according to claim 1, wherein obtaining
spectra for the at least one spot color comprises: mapping the
at least one spot color to a gamut of a display device.

20. A system for adaptive 1llumination independent match-
ing of spot colors for a printing system comprising:

a print engine configured to render color;

a sensor configured to measure spectra for a printed color;

and

a processor configured to:

(1) convert at least one spot color spectra to an 1lluminant
specific target value corresponding to each of a plu-
rality of 1lluminants;
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(11) determine a device specific recipe for the at least one
spot color for each of the 1lluminant specific target
value for the printing system, wherein each of the
determined device specific recipe corresponds to each
of the plurality of 1lluminants;

(111) for each of the determined device specific recipes,
calculating color dispersion values for that same
determined device specific recipe for all the remain-
ing of the plurality of illuminants other than the 1llu-
minant used to determine the device specific recipe;
and

(1v) use the calculated color dispersion values to select a
device specific recipe for the at least one spot, color
from the determined device specific recipes of the at
least one spot color, wherein the selected device spe-
cific recipe for the at least one spot color yields a
lowest color dispersion value across all of the plural-
ity of 1lluminants.

21. The system according to claim 20, wherein in deter-
mining a device specific recipe for each of the target value the
processor 1s configured to:

calculate device specific recipe for a target valuespectra;

print, via the printing engine, a test pattern according to the

device specific recipe;

measure, via a spectral sensor, a value of the printed test

pattern; and

adjust the device specific recipe, and printing and measur-

ing test patterns according to the adjusted recipe, as

needed, until the target and measured value are within a

predetermined tolerance.

22. The system according to claim 20, wherein in calculat-
ing the color dispersion value the processor 1s configure to:

calculate a maximum color dispersion for each of the plu-

rality of illuminants based on the device specific recipes;
and

select a device specific recipe for the at least one spot color

that yields the minimum of the maximum color disper-

s1on across the plurality of illuminants.

23. The system according to claim 20, wherein the color
dispersion value 1s a metameric index.

24. The system according to claim 20, further comprising:
an 1llumination sensor configured to obtain the spectra for at
least one 1lluminant.

25. The system according to claim 20, further comprising:
at least one database configured to store spectra for at least
one 1lluminant.

26. The system according to claim 20, wherein the target
and measured values are CIE L*a*b* values.

277. 'The system according to claim 20, further comprising:
at least one database configured to store spectra for at least
one spot color.

28. The system according to claim 20, wherein the color
dispersion 1s measured 1n delta-E 1976 or delta-E 2000.

29. The system according to claim 28, wherein the color
dispersion 1s measured as an average delta-E 1976 or average
delta-E 2000, and 1n determining a device specific recipe for
cach of the target value for the printing system the processor
1s configured to perform multiple iterations to converge to a
single recipe at a particular illuminant.

30. The system according to claim 20, wherein 1n obtaining,

spectra for the at least one spot color the processor 1s config-
ured to map the at least one spot color to a gamut of the
printing system.

31. The system according to claim 30, wherein the proces-
sor 15 configured to perform a ray-based gamut mapping
technique.




US 8,456,697 B2

17

32. The system according to claim 31, wherein the ray
corresponds to a value of L=50, a=0, b=0, measured in LAB
color space, 1n the gamut.

33. The system according to claim 31, wherein the proces-
sor 1s configured to search points along a ray that separates the
in-gamut color from out-gamut color to determine the

mapped color 1n the gamut.
34. The system according to claim 20, wherein 1n obtaining,

spectra for the at least one spot color the processor 1s config-
ured to map the at least one spot color to a gamut of a display
device.

35. A computer program product embodied on a non-tran-
sitory computer-readable storage medium encoded with com-
puter instructions that when executed by a processor are
configured to implement a method for adaptive 1llumination
independent matching of spot colors for a printing system, the
method comprising:

obtaining spectra for at least one spot color;

obtaining illuminant spectra for a plurality of 1lluminants;
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converting, using the processor, the at least one spot color
spectra to an 1lluminant specific target value correspond-
ing to each of the plurality of illuminants;

determiming, using the processor, a device specific recipe
for the at least one spot color for each of the illuminant
specific target value for the printing system;

for each of the determined device specific recipes, calcu-
lating, using the processor, color dispersion values for
that same determined device specific recipe for all the
remaining of the plurality of illuminants other than the
illuminant used to determine the device specific recipe;
and

using the calculated color dispersion values to select a
device specific recipe for the at least one spot color from
the determined device specific recipes of the at least one
spot color, wherein the selected device specific recipe
for the at least one spot color yields a lowest color
dispersion value across all of the plurality of illuminants.
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